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Abstract 

To  examine  the  hypothesis  that  surface  P-selectin-positive  (degranulated)  platelets  are  rapidly  cleared 
from  the  circulation,  we  developed  novel  methods  for  tracking  of  platelets  and  measurement  of 
platelet  function  in  vivo.  Washed  platelets  prepared  from  non-human  primates  (baboons)  were 
labeled  with  PKH2  (a  lipophilic  fluorescent  dye),  thrombin-activated,  washed,  and  re-infused  into 
the  same  baboons.  Three  color  whole  blood  flow  cytometry  was  used  to  simultaneously  1)  identify 
platelets  with  a  monoclonal  antibody  directed  against  GPIIb-IIIa  (integrin  2)  distinguish 

infused  platelets  by  their  PKH2  fluorescence,  and  3)  analyze  platelet  function  with  monoclonal 
antibodies.  Two  hours  after  infusion  of  autologous  thrombin-activated  platelets  (P-selectin-positive, 
PKH2-labeled),  95  +  1%  (mean  +  SEM,  n  =  5)  of  the  circulating  PKH2-labeled  platelets  had 
become  P-selectin-negative.  Compared  with  platelets  not  activated  with  thrombin  pre-infusion,  the 
recovery  of  these  circulating  PKH2-labeled,  P-selectin-negative  platelets  was  similar  24  hours  after 
infusion  and  only  slightly  less  48  hours  after  infusion.  The  loss  of  platelet  surface  P-selectin  was 
fully  accounted  for  by  a  67.1  ±  16.7  ng/mL  increase  in  the  plasma  concentration  of  soluble  P- 
selectin.  The  circulating  PKH2-labeled,  P-selectin-negative  platelets  were  still  able  to  function  in 
vivo ,  as  determined  by  their  a)  participation  in  platelet  aggregates  emerging  from  a  bleeding  time 
wound,  b)  binding  to  Dacron  in  an  arteriovenous  shunt,  c)  binding  of  monoclonal  antibody  PAC1 
(directed  against  the  fibrinogen  binding  site  on  GPIIb-IIIa),  and  d)  generation  of  procoagulant 
platelet-derived  microparticles.  In  summary:  1)  Circulating  degranulated  platelets  rapidly  lose 
surface  P-selectin  to  the  plasma  pool,  but  continue  to  circulate  and  function.  2)  We  have  developed 
novel  three  color  whole  blood  flow  cytometric  methods  for  tracking  of  platelets  and  measurement 
of  platelet  function  in  vivo. 
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Introduction 

P-selectin,  a  member  of  the  selectin  family  which  includes  E-  and  L-selectin,  is  a  cell 
adhesion  molecule  of  activated  platelets  and  endothelial  cells  (1,2).  P-selectin  (also  known  as 
CD62P,  GMP-140,  and  PADGEM  protein)  is  a  component  of  the  alpha  granule  membrane  of  resting 
platelets  that  is  only  expressed  on  the  platelet  surface  membrane  during  and  after  platelet 
degranulation  and  secretion  (1,2).  A  soluble  form  of  P-selectin  circulates  in  plasma  (3). 

Platelet  surface  P-selectin  mediates  the  adherence  of  degranulated  platelets  to  leukocytes  in 
vitro  (4,5)  and  in  vivo  (6).  It  has  therefore  been  postulated  that  surface  P-selectin-positive  (degranul¬ 
ated)  platelets  may  be  rapidly  cleared  from  the  circulation  by  leukocytes  (2,4, 5,7,8).  In  apparent 
contradiction  to  this  postulate,  other  investigators  have  reported  that  degranulated  platelets  are  no 
more  rapidly  cleared  from  the  circulation  than  control  platelets  (9,10).  Methods  have  not  previously 
been  available  to  directly  address  this  issue. 

In  this  study,  we  used  novel  three  color  whole  blood  flow  cytometric  methods  for  tracking 
of  circulating  degranulated  platelets  and  measurement  of  their  function  in  vivo.  We  thereby  demon¬ 
strate  that  circulating  degranulated  platelets  rapidly  lose  surface  P-selectin  to  the  plasma  pool,  but 
continue  to  circulate  and  function  in  vivo.  Thus,  our  studies  reconcile  the  results  of  previous  studies 
(2,4,5,7-10)  by  demonstrating  that  platelet  surface  P-selectin  molecules,  rather  than  degranulated 
platelets,  are  rapidly  cleared. 
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Methods 


Baboons 

Studies  were  performed  in  baboons  (adult  male  Papio  anubis ),  because  these  primates  are 
hemostatically  similar  to  man  (11).  The  animals  were  housed  at,  and  cared  for  according  to  the 
standard  protocols  of,  the  Animal  Care  Facility  of  the  New  England  Medical  Center,  Boston.  The 
protocol  for  this  study  was  approved  by  the  Institutional  Animal  Care  and  Use  Committee  of  Tufts 
University  School  of  Medicine.  Prior  to  all  procedures,  the  animals  were  sedated  with  ketamine 
hydrochloride  250  mg  intramuscularly  and  anesthetized  with  sodium  pentobarbital  50  -  75  mg 
intravenously. 

Three  Color  Whole  Blood  Flow  Cytometric  Analysis  of  Infused  (PKH2-labeIed)  Platelets 
and  Non-infused  (Non-PKH2-Iabeled)  Platelets  in  the  Same  Sample 

a)  PKH2  Labeling 

PKH2  (Zynaxis,  Malvern,  PA),  a  non-radioactive  lipophilic  fluorescent  dye  that  binds 
to  the  lipid  bilayer  of  the  plasma  membrane  (12),  was  used  as  a  platelet  label.  Baboon  platelet 
concentrates  were  prepared  and  stored  at  22°C  for  not  more  than  18  hours  under  standard  blood 
bank  conditions  (13).  Washed  platelets  were  then  prepared  as  previously  described  (14),  resuspended 
in  Diluent  A  (Zynaxis)  (platelet  concentration  800,000//tL),  and  incubated  (22°C,  10  min)  with 
PKH2  2  /iM  and  prostaglandin  (PG)  I2  2.5  pg/mL  (final  concentrations).  After  addition  of  citrate- 
albumin  buffer  (final  citrate  concentration  7  mM)  (15),  pH  6.5  with  PGE,  120  ng/mL  (final 
concentration),  samples  were  centrifuged  (1,250  g,  10  min,  22°C)  and  either:  i)  resuspended  in 
Plasma-Lyte,  pH  7.4  (Baxter,  Deerfield,  IL);  or,  ii)  resuspended  in  modified  Tyrode’s  buffer  (14), 
pH  7.4  (platelet  concentration  100,000/jtL),  incubated  (22°C,  10  min)  with  thrombin  1  U/mL 
(provided  by  Dr.  John  W.  Fenton  II,  New  York  Department  of  Health,  Albany,  NY),  washed  with 
citrate-albumin  buffer  (final  citrate  concentration  8.7  mM),  final  pH  6.5  with  PGE,  120  ng/mL  (final 
concentration),  and  resuspended  in  Plasma-Lyte.  Neither  the  modified  Tyrode’s  buffer  nor  the 
Plasma-Lyte  contained  any  PGE,  or  citrate.  As  determined  by  forward  light  scatter,  the  platelets 
were  not  aggregated.  As  previously  reported  (9,10),  the  thrombin-activated  platelets  could  be 
reproducibly  washed  and  resuspended  without  difficulty,  by  the  use  of  the  following  conditions:  the 
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presence  of  PGE,,  low  pH,  high  citrate  concentration,  low  platelet  concentration,  and  a  pause  of  15 
minutes  after  the  resuspension  of  thrombin-activated  platelets  in  citrate-albumin  buffer. 

b)  Expression  of  P-selectin  and  the  GPIIb-IIIa  Complex  (Integrin  a^Bj)  on  the  Surface 
of  Platelets  in  Peripheral  Blood 

Following  re-infusion  of  autologous  PKH2-labeled  platelets  into  a  baboon,  peripheral 
blood  was  drawn  into  a  Vacutainer  (Becton  Dickinson,  Rutherford,  NJ)  at  the  indicated  time  points 
(after  discarding  the  first  2  mL  of  blood).  The  platelets  were  analyzed  by  a  modified  version  of  our 
previously  described  whole  blood  cytometric  method  (16).  Three  color  whole  blood  flow  cytometry 
was  used  to  simultaneously:  i)  identify  platelets  in  whole  blood  by  a)  gating  on  their  characteristic 
forward  and  orthogonal  light  scatter  and  b)  discriminating  on  the  binding  of  the  R-phycoerythrin- 
conjugated  GPIIb-IIIa-specific  monoclonal  antibody  7E3  (17)  (provided  by  Dr.  Barry  S.  Coller, 
Mount  Sinai  Medical  Center,  New  York,  NY);  ii)  distinguish  the  infused  platelets  by  their  PKH2 
fluorescence;  and  iii)  determine  the  platelet  surface  expression  of  P-selectin  on  individual  platelets 
by  the  binding  of  biotinylated  monoclonal  antibody  S12  or  G1  (5)  (Centocor,  Malvern,  PA),  followed 
by  streptavidin-RED613  (GIBCO,  Grand  Island,  NY).  In  some  experiments,  the  platelet  surface 
exposure  of  fibrinogen  binding  sites  on  the  GPIIb-IIIa  complex  was  determined  by  the  binding  of 
biotinylated  monoclonal  antibody  PAC1  (18)  (Cell  Center,  University  of  Pennsylvania,  Philadelphia, 
PA),  followed  by  streptavidin-RED613.  PAC1  was  added  before,  and  S12  or  G1  was  added  after, 
fixation  with  1%  formaldehyde.  For  assays  with  PAC1,  antibody  7E3  was  added  after  the  PAC1. 
Background  binding,  obtained  from  parallel  samples  incubated  with  biotinylated  mouse  IgG  (for 
assays  with  S12  or  Gl)  or  IgM  (for  assays  with  PAC1)  (Boehringer  Mannheim,  Indianapolis,  IN), 
was  subtracted  from  each  test  sample.  As  indicated  in  the  text,  some  samples  were  incubated  with 
platelet  agonists  prior  to  antibody  incubation  and  fixation.  All  samples  were  analyzed  in  an  EPICS 
Profile  flow  cytometer  (Coulter,  Miami,  FL)  equipped  with  an  argon  laser.  The  fluorescence  of 
PKH2,  phycoerythrin,  and  RED613  were  detected  using  525  nm,  575  nm,  and  635  nm  band  pass 
filters,  respectively,  with  appropriate  color  compensation.  As  indicated  in  Results,  some  samples 
were  analyzed  by  the  percentage  of  P-selectin-positive  platelets.  The  percentage  of  P-selectin- 
positive  platelets  was  defined  as  the  percentage  of  platelets  that  had  an  S12  fluorescence  greater  than 
98%  of  the  platelets  in  matched  samples  labeled  with  mouse  IgG.  For  each  test  monoclonal  antibody 
(S12,  Gl,  PAC1,  and  V237  [see  below]),  an  excess  of  unlabeled  antibody  inhibited  the  binding  to 
platelets  of  labeled  antibody. 
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c)  Generation  of  Procoagulant  Microparticles  in  Peripheral  Blood 

Three  color  whole  blood  flow  cytometry  was  also  used  to  identify  procoagulant 
platelet-derived  microparticles  in  whole  blood  by:  i)  gating  on  log  forward  light  scatter;  ii) 
discriminating  on  the  binding  of  the  phycoerythrin-conjugated  GPIIb-IIIa-specific  monoclonal 
antibody  7E3;  and  iii)  binding  of  biotinylated  monoclonal  antibody  V237  (19)  (directed  against 
activated  coagulation  factor  V)  (provided  by  Dr.  Charles  T.  Esmon,  Oklahoma  Medical  Research 
Foundation,  Oklahoma  City,  OK),  as  detected  by  streptavidin-RED613.  Background  binding, 
obtained  fr6m  parallel  samples  incubated  with  biotinylated  mouse  IgG  rather  than  V237,  was 
subtracted  from  each  test  sample.  Samples  were  diluted  6-fold  in  autologous  plasma,  as  a  source  of 
additional  coagulation  factor  V.  As  indicated  in  the  text,  some  samples  were  incubated  with  platelet 
agonists.  Microparticles  derived  from  infused  platelets  were  identified  by  their  PKH2  fluorescence. 
The  number  of  procoagulant  platelet-derived  microparticles  was  expressed  as  a  percentage  of  the  total 
number  of  platelets  and  procoagulant  platelet-derived  microparticles. 

d)  Platelet  Aggregation  in  Shed  Blood 

Twenty-four  hours  after  the  infusion  of  autologous  PKH2-labeled  platelets,  a 
standardized  bleeding  time  was  performed  with  a  Simplate  II  device  (General  Diagnostics,  Durham, 
NC).  The  emerging  blood  was  immediately  fixed  in  formaldehyde  1%  (final  concentration),  and 
platelet  aggregation  was  determined  by  whole  blood  flow  cytometry,  as  previously  described  (20). 
Platelets  were  identified  in  whole  blood  by  binding  of  the  phycoerythrin-conjugated  GPIIb-IIIa- 
specific  monoclonal  antibody  7E3.  The  non-infused  platelets  were  identified  by  their  lack  of  PKH2 
fluorescence.  The  infused  platelets  in  the  same  blood  sample  were  identified  by  their  PKH2  fluores¬ 
cence. 

e)  Surface  P-selectin  on  Platelets  Adherent  to  Dacron  in  an  Ex  Vivo  Shunt 

Twenty-four  hours  after  the  infusion  of  autologous  PKH2-labeled  platelets,  peripheral 
blood  was  routed  through  a  6  mm  (diameter)  x  6  cm  (length)  knitted  double  velour  Dacron*  graft 
impregnated  with  purified  collagen  (Meadox  Medicals,  Oakland,  CA)  secured  into  an  ex  vivo  femoral 
arteriovenous  shunt,  as  previously  described  (21).  The  Dacron  graft  is  known  to  be  thrombogenic 
in  this  model  (21).  The  arteriovenous  shunt  was  clamped  after  2  hours  of  flow  and  an  approximately 
4x4  mm  sample  of  the  Dacron  graft  was  immediately  excised,  placed  in  modified  HEPES-Tyrode’s 
buffer,  pH  7.4,  mixed  gently  for  30  minutes  at  37°C  with  plasmin  1  CU/mL  (KABI-Pharmacia, 
Franklin,  OH),  and  fixed  in  formaldehyde  l  %  (final  concentration).  This  concentration  of  plasmin 
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lysed  the  fibrin  clot  and  released  platelets  and  platelet-derived  microparticles  without  causing  platelet 
degranulation,  as  determined  by  lack  of  platelet  surface  expression  of  P-selectin  in  peripheral  blood 
samples  treated  identically  (data  not  shown;  see  also  ref.  (14)).  As  described  in  section  b)  above, 
the  released  platelets  were  then  analyzed  by  three  color  flow  cytometry  to  determine  whether  they 
were  PKH2-positive  or  -negative  and  to  determine  their  surface  expression  of  P-selectin. 

Percent  Recovery  of  Infused  (PKH2-labeled)  Platelets 

At  the  indicated  time  points  after  the  infusion  of  autologous  PKH2-labeled  platelets, 
peripheral  blood  was  drawn  into  a  Vacutainer,  as  described  above.  Percent  recovery  of  infused 
(PKH2-labeled)  platelets  at  each  time  point  was  determined  by: 

[percent  PKH2-positive  platelets]  x  [platelet  count//xL]  x  [blood  volume  (jiL)] 

[number  of  PKH2-positive  platelets  infused] 

Blood  volume  was  calculated  from  the  plasma  volume  (determined  by  the  ,25I-albumin  method)  and 
the  total  body  hematocrit  (peripheral  venous  hematocrit  x  0.87),  as  previously  described  (22). 
Platelet  counts  were  determined  in  a  Coulter  JT  analyzer. 

Plasma  P-selectin  Assay 

Peripheral  blood  was  drawn  into  a  Vacutainer  at  the  indicated  time  points  post-infusion,  as 
described  above,  and  centrifuged  (1,500  g,  20  minutes,  4°C).  The  plasma  was  separated  and  stored 
at  -20°C.  After  thawing,  the  plasma  was  centrifuged  (10,000  g,  10  minutes)  before  being  assayed. 
In  some  assays  (as  indicated),  the  plasma  was  subjected  to  an  additional  centrifugation  (100,000  g, 
2  hours)  to  remove  any  platelet-derived  microparticles  (23).  Plasma  P-selectin  was  determined  by 
a  triple  layer  ELISA  (24).  Microtiter  plates  were  sequentially  incubated  with:  S12,  5%  nonfat  dry 
milk,  purified  soluble  P-selectin  (Centocor)  or  test  plasma,  a  chimeric  version  of  the  murine  anti¬ 
human  P-selectin  monoclonal  antibody  G1  (Centocor)  (human  Fc  region),  alkaline  phosphatase- 
conjugated  rabbit  anti-human  IgG  (FJ  (Accurate  Chemical,  Westbury,  NY),  alkaline  phosphatase 
substrate  (1  mg  P-Nitro  phenyl  phosphate  per  1  mL  0.1  M  diethanolamine)  (Sigma,  St. Louis,  MO), 
3N  NaOH;  and  read  for  absorbance  at  405  nm. 
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Results 

In  Vivo  Identification  of  Infused  Platelets 

Infused  platelets  were  easily  discriminated  from  non-infused  platelets  by  whole  blood  flow 
cytometry,  because  PKH2-labeled  platelets  were  approximately  300-fold  more  fluorescent  than 
unlabeled  platelets  (Fig.  1).  A  subpopulation  of  PKH2-labeled  platelets  as  small  as  0.3%  of  all 
platelets  cojuld  be  identified  in  vivo  (Fig.  1).  PKH2  binding  to  platelets  was  stable  in  vivo,  as  shown 
by  the  fact  that  PKH2-labeled  platelets  still  circulating  on  day  6  had  85.0  ±6.1%  (mean  ±  S.E.M. , 
n  =  8)  of  the  fluorescence  of  the  PKH2-labeled  platelets  circulating  on  day  1  (Fig.  1). 

Circulating  Degranulated  Platelets  Rapidly  Lose  Surface  P-selectin 

As  demonstrated  in  Fig.  2,  infused  thrombin-activated  PKH2-labeled  platelets  initially 
circulated  in  a  P-selectin-positive  form  (quadrant  2  of  the  3  minute  time  point)  but,  after  a  period 
of  sequestration  (as  previously  described  (25))  (lower  density  of  dots  in  quadrants  2  and  4  of  the  10 
minute  and  30  minute  time  points),  gradually  reappeared  as  P-selectin-negative  platelets  (quadrant 
4  of  the  2  hour,  3  hour,  and  24  hour  time  points).  Two  hours  after  the  infusion  of  the  autologous 
thrombin-activated  platelets  (P-selectin-positive,  PKH2-labeled),  95  ±  1%  (n  =  5)  of  the  circulating 
PKH2-labeled  platelets  had  become  P-selectin-negative  (Fig.  2)  and  there  was  a97.0±0.6%(n  = 
5)  average  decrease  in  the  platelet  surface  expression  of  P-selectin  on  the  circulating  PKH2-Iabeled 
platelets  (Fig.  3A). 

Etiology  of  the  Decreased  Platelet  Surface  Expression  of  P-selectin  on  Circulating 
Degranulated  Platelets 

The  decreased  platelet  surface  expression  of  P-selectin  on  circulating  degranulated  platelets 
did  not  appear  to  be  the  result  of  a  conformational  change  in  P-selectin,  because  parallel  results  were 
obtained  with  two  different  P-selectin-specific  monoclonal  antibodies  known  to  be  directed  against 
different  epitopes  (5):  S12  (Figs.  2  and  3 A)  and  G1  (data  not  shown). 

The  loss  of  platelet  surface  P-selectin  was  associated  with  a  52.7  ±  18.8%  (67.1  ±  16.7 
ng/mL)  maximal  increase  in  the  plasma  concentration  of  soluble  P-selectin  (Fig.  3B),  which 
accounted  for  93.5  ±  23.8%  of  the  calculated  loss  of  platelet  surface  P-selectin.  This  calculation 
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was  based  on  the  available  platelet  surface  P-selectin  (77.3  ±  8.1%  of  maximum:  Fig.  3A,  "platelet 

unit  pre-infusion"  time  point),  the  number  of  platelets  infused  (3.5  ±  0.9  x  1010),  the  plasma  volume 

(940.6  ±  113.6  mL,  as  determined  by  the  125I-albumin  method  (22)),  the  molecular  weight  of  plasma 

P-selectin  (137  kDa)  (3),  and  the  estimated  number  of  copies  of  P-selectin  per  platelet  (13,000)  (2). 

At  all  measured  time  points,  plasma  P-selectin  was  not  reduced  by  centrifugation  of  the  plasma  at 

100,000  g  for  2  hours,  thereby  demonstrating  that  the  assay  was  not  measuring  P-selectin  in  platelet- 

derived  microparticles  (23).  In  control  experiments  in  which  platelets  were  not  thrombin-activated 
r. 

pre-infusion,  the  circulating  PKH2-labeled  platelets  were  P-selectin-negative  at  all  time  points  (Fig. 
3C)  (demonstrating  that  PKH2  labeling  of  platelets  did  not  result  in  significant  degranulation)  and 
there  was  no  increase  in  plasma  P-selectin  (Fig.  3D). 

Despite  Their  Loss  of  Surface  P-selectin,  Degranulated  Platelets  Are  Not  Rapidly  Removed 
from  the  Circulation 

Platelets  that  were  thrombin-activated  pre-infusion  sequestrated  (25)  earlier  and  longer  than 
platelets  not  thrombin-activated  pre-infusion  (Fig.  4).  However,  24  hours  after  infusion,  the 
recovery  of  platelets  thrombin-activated  pre-infusion  was  similar  to  the  recovery  of  platelets  not 
thrombin-activated  pre-infusion,  and  was  only  slightly  less  48  hours  after  infusion  (Fig.  4). 

Despite  Their  Loss  of  Surface  P-selectin,  Circulating  Degranulated  Platelets  Continue  to 
Function 

Despite  their  degranulation  and  subsequent  loss  of  surface  P-selectin,  circulating  PKH2- 
labeled  platelets  that  had  been  thrombin-activated  pre-infusion  were  still  able  to  function  24  hours 
after  infusion,  as  determined  by  four  independent  methods. 

First,  platelets  thrombin-activated  pre-infusion  were  demonstrated  to  function  in  vivo  24  hours 
after  their  infusion,  as  determined  by  their  presence  (dots  in  Fig.  5B)  in  platelet  aggregates  in  the 
shed  blood  emerging  from  a  standardized  bleeding  time  wound.  As  determined  by  percent  positive 
analysis  on  the  log  forward  light  scatter  signal  (a  measure  of  percent  aggregate  formation  (20)), 
PKH2-positive  platelets  formed  aggregates  in  shed  blood  to  at  least  the  same  extent  as  PKH2-negative 
platelets  in  the  same  sample,  irrespective  of  whether  the  platelets  were  or  were  not  thrombin- 
activated  pre-infusion  (n  =  6). 
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Secondly,  as  determined  by  platelet  surface  exposure  of  the  fibrinogen  binding  site  on  the 
GPIIb-IIIa  complex  (reported  by  monoclonal  antibody  PAC1  (18)),  platelets  thrombin-activated  pre¬ 
infusion  were  able  to  function  normally  in  24  hour  post-infusion  peripheral  blood  stimulated  ex  vivo 
by  ADP  and  epinephrine,  although  poorly  in  response  to  a  second  challenge  with  thrombin  (Fig. 
6A). 

Thirdly,  platelets  thrombin-activated  pre-infusion  were  able  to  function  as  determined  by  their 
generation  of  procoagulant  platelet-derived  microparticles  (19)  in  response  to  ex  vivo  stimulation  of 
peripheral  b*lood  drawn  24  hours  post-infusion  (Fig.  7A). 

Fourthly,  platelets  thrombin-activated  pre-infusion  were  able  to  function  normally  as 
determined  by  their  adherence  to  Dacron  in  an  arteriovenous  shunt.  Three  color  flow  cytometry  was 
used  to  calculate  the  ratio  of  PKH2-positive  to  PKH2-negative  platelets  a)  adherent  to  the  Dacron 
and  b)  in  peripheral  blood.  By  these  means,  we  determined  that  platelets  thrombin-activated  pre¬ 
infusion  (PKH2-positive)  adhered  to  the  Dacron  106.0  ±  1.9%  (n  =  3)  as  well  as  the  non-infused 
(PKH2-negative)  platelets. 

PKH2  Does  Not  Interfere  With  Platelet  Function 

PKH2  did  not  interfere  with  platelet  function,  as  demonstrated  by  the  following  six 
independent  methods  in  which  infused  autologous  PKH2-labeled  platelets  not  preincubated  with 
thrombin  functioned  as  well  as  circulating  non-PKH2-labeled  platelets  simultaneously  analyzed  in  the 
same  sample:  i)  participation  in  platelet  aggregates  emerging  from  a  bleeding  time  wound  (Fig.  5D); 
ii)  exposure  of  fibrinogen  binding  sites  on  the  GPIIb-IIIa  complex  in  response  to  ex  vivo  stimulation 
of  peripheral  blood  (Fig.  6B);  iii)  platelet  surface  expression  of  P-selectin  in  response  to  ex  vivo 
stimulation  of  peripheral  blood  with  either  thrombin,  phorbol  myristate  acetate  (Sigma),  or  a 
combination  of  ADP  and  epinephrine  (data  not  shown);  iv)  generation  of  procoagulant  platelet- 
derived  microparticles  in  response  to  ex  vivo  stimulation  of  peripheral  blood  (Fig.  7B);  v)  infused 
(PKH2-positive)  platelets  adhered  to  Dacron  in  the  arteriovenous  shunt  112.3  ±  5.1%  (n  =  3)  as 
well  as  the  non-infused  (PKH2-negative)  platelets;  and,  vi)  expression  of  surface  P-selectin  in 
response  to  adherence  to  Dacron  in  the  ex  vivo  shunt  (data  not  shown). 
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Discussion 

In  this  study,  we  demonstrate  that  circulating  degranulated  platelets  rapidly  lose  surface  P- 
selectin  to  the  plasma  pool,  but  continue  to  circulate.  Furthermore,  we  show  that,  despite  their  loss 
of  surface  P-selectin,  circulating  degranulated  platelets  continue  to  function  in  vivo  as  determined  by 
4  independent  methods:  participation  in  platelet  aggregation,  exposure  of  the  fibrinogen  binding  site 
on  the  GPJIb-IIIa  complex,  adherence  to  Dacron  in  an  arteriovenous  shunt,  and  generation  of 
procoagulant  platelet-derived  microparticles. 

Thrombus  formation  is  associated  with  local  generation  of  agonists,  e.g.  thrombin,  that 
induce  platelet  degranulation.  Degranulated  platelets  that  fail  to  localize  to  the  thrombus,  because 
of  the  continuing  flow  of  blood,  have  been  hypothesized  to  be  rapidly  cleared  from  the  circulation 
by  leukocytes  via  a  platelet  surface  P-selectin-dependent  mechanism  (2,4,5).  However,  it  has  not 
been  possible  to  differentiate  between  clearance  of  P-selectin-positive  platelets  and  a  change  in  the 
platelet  surface  expression  of  P-selectin.  The  present  study  demonstrates  in  vivo  that  circulating 
degranulated  platelets  rapidly  lose  surface  P-selectin  to  the  plasma  pool,  thereby  enabling  the 
continued  circulation  and  function  of  degranulated  platelets  that  fail  to  localize  to  the  thrombus. 
Thus,  our  results  provide  a  possible  mechanism  for  the  preservation  of  functional  platelets. 

No  difference  in  platelet  clearance  would  be  expected  between  thrombin  activation  in  vivo 
and,  as  performed  in  this  study,  thrombin  activation  of  washed  platelets  in  vitro.  Although  the 
platelets  in  this  study  were  activated  after  washing  away  plasma  proteins  (which  could  influence 
platelet  clearance),  plasma  adhesive  glycoproteins  (fibrinogen,  von  Willebrand  factor,  thrombo¬ 
spondin,  fibronectin,  vitronectin)  are  also  present  in  platelet  a  granules.  Thrombin-induced 
degranulation  results  in  release  of  these  adhesive  glycoproteins  from  the  a  granules,  making  them 
available  for  binding  to  the  platelet  surface.  Furthermore,  immediately  upon  infusion  the  degranu¬ 
lated  platelets  are  exposed  to  plasma  proteins. 

Although  degranulated  platelets  that  had  shed  surface  P-selectin  performed  normally  in  a 
number  of  assays  of  platelet  function,  our  studies  should  not  be  taken  to  imply  that  these  platelets 
have  completely  normal  function  or  that  surface  P-selectin  plays  no  role  in  platelet  function.  It  has 
previously  been  established  in  vivo  that  the  degranulated  platelets  present  in  local  thrombi  promote 
leukocyte  accumulation  via  a  platelet  surface  P-selectin-dependent  mechanism  (6).  The  role  of 
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platelet  surface  P-selectin  in  the  homing  of  leukocytes  to  sites  of  inflammation  could  be  further 
studied  in  our  model.  Platelet  surface  P-selectin  has  also  been  shown  to  induce  the  expression  of 
tissue  factor  on  monocytes  (26). 

There  has  been  considerable  interest  in  the  potential  use  of  platelet  surface  P-selectin  as  a 
marker  for  the  detection  of  circulating  degranulated  platelets  in  clinical  settings  (e.g.  acute  coronary 
artery  syndromes,  transfusion  of  platelet  concentrates)  (27).  However,  the  present  demonstration 
that  circulating  degranulated  platelets  rapidly  lose  surface  P-selectin  to  the  plasma  pool  indicates  that 
platelet  surface  P-selectin  is  not  an  ideal  marker  for  the  detection  of  circulating  degranulated 
platelets.  Nevertheless,  platelet  surface  P-selectin  may  still  be  a  useful  marker  of  platelet 
degranulation  if  a)  the  blood  sample  is  drawn  immediately  distal  to  the  site  of  platelet  activation,  b) 
the  blood  sample  is  drawn  within  5  minutes  of  the  activating  stimulus,  or  c)  there  is  continuous 
activation  of  platelets.  The  present  study  and  previous  studies  (28)  suggest  that  assay  of  the  plasma 
concentration  of  soluble  P-selectin  could  be  used  as  a  marker  of  platelet  activation  in  clinical  settings. 
However,  an  increase  in  the  plasma  concentration  of  soluble  P-selectin  in  clinical  settings  may  also 
reflect  the  release  of  P-selectin  from  activated  and/or  damaged  endothelial  cells  (28). 

Despite  recent  progress  in  our  understanding  platelet  function  in  vitro ,  there  remains  a  paucity 
of  methods  to  study  platelet  function  in  vivo.  In  this  study,  we  used  novel  three  color  whole  blood 
flow  cytometric  methods  for  in  vivo  tracking  of  infused  platelets  and  measurement  of  their  function. 
These  methods  should  provide  the  means  to  answer  many  previously  difficult  to  address  questions 
about  in  vivo  platelet  function. 
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